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The generation of optical pulses at ultra low bias level, thus low energy cost, is explored in
a commercial microcavity semiconductor laser in view of testing the principle of energy efficient
information encoding in potential integrated schemes. Sequences of regular, highly nonlinear pulses
with acceptable amplitude stability are obtained from a commercial device as potential sources of
bits where the information is added by post-treatment (pulse removal). A discussion on the energy
expenditure per bit is offered, together with the optimal frequency for pulse generation, which is
found to lie slightly below the above-threshold value declared by the manufacturer.
PACS numbers:
INTRODUCTION
The great success in laser miniaturization has opened
up a clear route towards the realization of integrated
light sources at chip level [1–3] on the way towards the
realization of all-optical chips [4–6]. Very small lasers are
considered promising candidates for optical interconnects
[7–9] for communications and information processing, in
addition to permitting advances in biosensing, medical
imaging and spectroscopy [11–16]. One of the objectives
of the miniaturization is the production of bits of
information generated with a minimum amount of power
and with minimal thermal load for the device and,
ultimately, for the chip. Nanodevices may be a good
solution to this quest as long as they are proven capable
of generating usable (i.e., sufficiently coherent) optical
pulses at very low input power levels.
The reduction in cavity volume is accompanied by
a proportionally larger (coherent) photon flux at low
excitation (cf. Fig. 1): at 1013 excitations per second
devices with β = 0.1 (fraction of spontaneous emission
coupled into the lasing mode) have already switched
to the upper branch of emission, while larger devices
(smaller β values) are still emitting only spontaneous
photons, thus not only incoherent radiation, but also
with a strongly reduced flux (details in figure caption).
In order to exploit the advantage of lower energy
expenditure for communications, two conditions need
to be obviously fulfilled: 1. the emission needs to be
sufficiently coherent, and 2. the pulse generation needs
to be obtained as close to “threshold” as possible. These
two conditions are not trivial since the identification of
coherence is still a point which raises questions, at least
for most practical devices, and the threshold definition is
still contentious [17].
It is obvious that raising the excitation rate - regardless
of any other considerations - will always provide
coherent output and a high-quality signal for information
encoding, even from a nanolaser. This strategy, however,
does not take into account the possible damage, or
FIG. 1: Laser output (coherent photon number) as a function
of input power (measured in number of excitations per second)
in lasers with different fraction of spontaneous emission
coupled into the lasing mode. β: 1 (a, black), 10−1 (b, red),
10−2 (c, green), 10−3 (d, blue), 10−4 (e, magenta), 10−5 (f,
maroon), 10−6 (g, indigo). On the basis of considerations
on the fluctuations [18], the devices are considered to be
macroscopic (β . 10−5 ), mesoscopic (10−4 . β . 10−2)
or nanoscopic (10−1 . β . 1) [19]. As an example, one
can compare the emission for 1013 excitations per second: for
β = 10−1, 10−2, 10−3, 10−4, the average number of emitted
photons is 〈n〉 = 102, 101, 10−1, 10−2, respectively.
reduced lifetime, which may ensue for the device [20], nor
does it fulfill the goal of minimizing power expenditure
and thermal load. Thus, it is strategically important to
explore the possibility of exploiting the smoother turn-on
of smaller (i.e., larger β) lasers for data encoding.
Given the difficulties in detection posed by nanolasers,
for this investigation we use a mesoscale device as
surrogate [19] (a micro-Vertical Cavity Surface Emitting
Laser - VCSEL - corresponding approximately to the
magenta line, curve e, in Fig. 1) and investigate the
possibility of generating usable pulses in the nonlinear
amplification region of the laser response (i.e., the steeper
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2part of the curve). This approach does not answer
the questions related to the field coherence, since our
microVCSEL has a sufficiently large cavity volume to
ensure coherence in the emission [21], but will test the
potential for low energy-consumption optical pulses.
EXPERIMENT AND ANALYSIS OF
OBSERVATIONS
The experimental setup is shown in Fig. 2. The
VCSEL (Thorlabs980) is designed for data transmission
at fdt = 2.5GHz, has a β ≈ 10−4 [21] with
nominal emission wavelength λ = 980nm, nominal
threshold current 2.2mA / ith / 3.0mA and maximum
output power Pmax = 1.85mW [22]. The laser is
temperature – stabilized to better than 0.1◦C in a
TEC module (Thorlabs TCLDM9). The laser output
is collimated and passed through a Faraday isolator
(QIOPTIQ8450-103-600-4-FI-980-SC) which prevents
feedback into the laser. The optical signal is sampled
by a fast, amplified photodetector (Thorlabs PDA8GS)
with 9.5GHz bandwidth and the signal is digitized
by a LeCroy Wave Master 8600A with 6GHz analog
bandwidth and up to 5 × 106 sampled points per trace.
The data are stored in a computer through a GPIB
interface using Python. The sinusoidal modulation,
introduced through a bias-tee, is provided by a function
generator (E4421B, HEWLETT) at the chosen frequency
fmod = 1GHz to produce a modulation amplitude in
the laser imod ≈ 0.3mA. The modulation amplitude
is chosen in such a way as to obtain the most effective
pulse generation with minimal amplitude (cf. below for
evidence and [23] for spectral analysis). The choice
of a sinusoidal modulation originates from its spectral
purity, which allows for reliable results without the need
for special probes. It can of course be extended to other
forms, e.g. square modulation, for further investigations.
We first present the laser response for a small set of
biasing choices, identifying the optimum condition, then
analyze it. Thanks to previous work [23], which allows
us to identify the threshold for coherent emission, we
know for this device that the latter is placed at ib =
1.06mA. The laser response (input-output or L-L curve)
is displayed in the upper part of Fig. 2, where the dots
represent the measurements and the line is inserted to
guide the eye. Notice that the manufacturer’s declared
“threshold” is beyond the right edge of the graph, thus
in a region well distinct from the one that we investigate.
Fig.3 shows the representative dynamics when the laser
is modulated around the bias points: ib = 0.95mA,
1.10mA, 1.15mA, and 1.40mA. At ib = 0.95mA,
as shown in Fig.3 (a), random spikes with variable
amplitude are observed. This bias choice corresponds
to the lowest point in the nonlinear branch in the
output power which connects the spontaneous emission
FIG. 2: Experimental setup. The laser is mounted on a TEC
module (Thorlabs TCLDM9) which allows for temperature
stabilization from an external source. We set the working
temperature at 25◦C. The current is supplied by a commercial
dc power supply (Thorlabs LDC200VCSEL) with resolution
1µA and accuracy ±20µA. The current drift at constant
ambient temperature is less than 1µA over 30 minutes and
both noise and ripple are smaller than 1.5µA. Additional
details in text. The upper part of the figure (dark blue
curve with dots) represents the input-output characteristic
measured for this device.
and the stimulated emission branches (L-L curve in
Fig. 2). This implies that the laser spends half of the
modulation period in the spontaneous emission regime
and is periodically driven up the amplification region,
but only about two-thirds of the way up the nonlinear
curve. Thus, the amplification process leading to lasing
starts every time from a different initial condition and
undergoes the typical delay at turn-on [24, 25] common
to all Class B lasers [26, 27], with a degree of variation
in the turn-on time which depends on the actual value
of the spontaneous contribution to the lasing mode
changing at each cycle. This is the reason for the strong
differences in success rate for generating a pulse at any
given modulation period. As soon as the bias current
is sufficiently large – ib = 1.10mA, thus ≈ 4% above
the measured threshold for coherent oscillation [23] -
a sequence of regular pulses with unequal amplitudes is
generated, as shown in Fig.3(b). For this bias choice, the
laser is regularly brought below the kink-current value,
but only for approximately one third of the modulation
period and therefore not as deeply into the spontaneous
emission regime. As a consequence, the pulses become
rather regular: one laser output pulse is generated
for each modulation period, albeit with widely varying
amplitudes. The reason is the same as observed for the
lower biasing, but the influence of the initial condition
(contribution of the on-axis spontaneous emission at the
turn-on instant) now is reflected only onto the peak
3FIG. 3: Typical dynamics within 100ns of laser under
modulation at Ib = 0.95mA (a); 1.10mA (b); 1.15mA (c);
1.40mA (d). Notice the change in vertical scale from each
figure to the next for display optimization.
amplitude with little consequence for the time delay
at turn-on and none (at least on reasonably long time
sequences) for the success rate in pulse generation.
Increasing slightly the bias point, ib = 1.15mA (i.e.,
≈ 8% above threshold [23]), we end up with an optimal
condition, where we can consistently obtain regular
pulses which, while displaying some residual variability,
can be well identified with the help of thresholding:
setting a threshold at, for instance, 50% of the average
peak level we can confirm the presence of a pulse per
modulation period. During the modulation, the laser is
still brought temporarily below threshold, but only for a
time τbt ≈ 0.25ns. Once the pump is below threshold, the
relaxation occurs on the carriers’ time scale γ−1 ≈ 0.3ns,
which is substantially of the same order, but actually
slightly longer than, τbt. As a consequence, the laser dips
down below threshold, turning off almost entirely (cf.
Fig. 3c), but the population inversion does not reach its
below threshold state before restarting. This enables the
establishment of a memory of the state which preceded
the turn-off of the photon field and the laser can restart
without suffering almost any of the “ill effects” coming
from the randomness of the spontaneous emission. The
result is a regular series of pulses whose amplitude does
not vary excessively.
In order to get an idea for the amount of optical
output emitted, we estimate the cw output power at
FIG. 4: Average intensity emitted by the laser, in the presence
of modulation, in a pump interval which covers the transition
between the lower and the upper branch. The scales here are
linear and the response nearly linear, since we are looking at
a detail of the L-L curve (Fig. 2).
Pcw(ib = 1.2mA) ≈ 50µW , while the peak power
for Fig. 3c is (120 / Pmax / 160) µW . Thus, the
pulsed operation provides a peak output level which
is approximately three times the cw equivalent. It is
interesting to notice, however, that even at the level
of average output, the modulation raises somewhat the
average values: Fig. 4 shows a small bump in the average
output in correspondence to the bias pump interval where
the modulation is most effective (Fig. 3).However, its
average contribution is of the order of 8 µW (or < 20%),
thus still very small compared to the factor 3 gained at
the peak.
Finally, by raising the bias to the top of the nonlinear
amplification regime connecting the two main branches
of laser output (ib = 1.4mA), we see that the laser never
turns off for our choice of modulation amplitude (Fig.3d).
The modulation now prevents the system from turning
off the photon field and, rather than obtaining pulses, we
end up with regular oscillations, albeit somewhat noisy.
The reason for our choice of modulation amplitude
is that, as previously explained, we are searching for
conditions which allow for the generation of well-defined
pulses of minimal amplitude. If we had chosen a
smaller amplitude, the system would have still been
too influenced by noise, since the biasing point fulfilling
the condition of Fig. 3c would have been a lot
further down (rather than approximately half-way up
the nonlinear amplification region). If we had chosen
a larger amplitude, we would have obtained larger pulses
and would have entered the fully lasing region (upper
branch), thus emitting a larger amount of power but also
requiring more current and larger modulation. Thus,
the choice of modulation amplitude and bias point is
4FIG. 5: Intensity distribution histograms of laser response for
the bias current at: (a) 0.95mA; (b) 1.10mA; (c) 1.15mA; (d)
1.40mA.
a compromise between the two requirements, where the
relationship between the two choices is dictated by the
condition explicited above for preserving the memory of
the previous state in the carrier variable: τbt ≈ γ−1.
A complementary characterization of the modulation
results can be obtained by plotting the histograms of the
temporal traces. Fig. 5 shows the histograms of the
mesured intensity values in semilogarithmic scale. Panel
(a) corresponds to the lowest biasing (ib = 0.95mA) and
clearly shows the lack of any structure in the data: the
frequency of occurrence for each intensity value decreases
monotonically. A structure at high intensity develops in
panel (b) (ib = 1.10mA), but the transition from the
left peak - “zero” intensity, i.e., pulse background – and
the peak is not so clearly defined since the growth is
rather gradual. The distinction between background and
peak intensity is quite clear in panel (c) (ib = 1.15mA),
confirming the result of Fig.3c which showed pulses of
fairly regular amplitude. Notice that the tail towards
high peaks corresponds to quite rare occurrences (more
than three orders of magnitude between the maximum of
the distribution and the maximum intensity). The most
populated intensity level is found around 80 and good
discrimination for the pulse occurrence can be placed
around 50, in agreement with what observable from
Fig.3c. Finally, for large bias (ib = 1.4mA) the two peaks
in the histogram correspond to the lowest and largest
value of the intensity during the noisy oscillation (panel
(d)). As already seen in the temporal trace, this biasing
choice does not offer a viable way of encoding information
due to its low contrast and ill-defined levels.
As a final step, we can run a numerical simulation
under the same conditions as the experiment. In order
to properly account for the below threshold dynamics,
governed by spontaneous emission, we use a recently
developed Stochastic Simulator [28] capable of fully
accounting for these processes within the semiclassical
FIG. 6: Calculated dynamics of laser modulated at P =
(a)0.95Pth; (b) 1.10Pth ; (c) 1.20Pth ; (d) 1.40Pth. The
modulation amplitude is 0.3Pth and the frequency is, as in the
experiment, 1GHz. The parameter values for the simulation
are those already used for this laser [21].
description of the radiation-matter interaction [29]. The
predictions, computed for four values of pump matching
the experimental current values, are shown in Fig.6 for
a β = 10−4 laser. The temporal dynamics shows strong
similarities with the one observed in the experiment, thus
confirming that the observed dynamics is the result of the
dynamical pump modulation in the transition region.
ENERGY CONSIDERATIONS AND SCHEME’S
POTENTIAL
We now compare the results we have obtained to the
standard above threshold modulation. Fig.7 illustrates
qualitatively the two regimes, plotted as a grey rectangle
superposed to the laser response for the modulation in
the nonlinear transition region, as discussed previously,
and the empty rectangle which qualitatively matches the
modulation interval normally used in data encoding. The
laser response is computed as in Fig. 1.
The standard estimate of the energy cost per pulse is
based on the simple relation
εp =
ib × Vb
B
, (1)
where Vb represents the bias voltage across the junction
5FIG. 7: Modulation regions for pulse generation in the
transition region, grey rectangle, and for data encoding above
threshold, empty rectangle, for laser response compatible with
those of our device (L-L curve in Fig. 2). The interval
covered by the empty rectangle corresponds approximately
to the current interval for large amplitude modulation of the
device used in this experiment (imin ≈ 3mA, imax ≈ 10mA)
which matches the bias current, ib , and B stands for the
bit rate. This expression does not take into account the
actual cost of the modulation and the nonlinear response
due to the dynamic resistance.
Using eq. 1 we estimate for the conditions of Fig. 3c -
i.e., in the nonlinear transition regime -
εp,nl ≈ 2.3pJ × bit−1 , (2)
εopt ≈ 70fJ × bit−1 , (3)
where we have taken ib = 1.15mA, Vb = 2V (average
value from manufacturers datasheet [22]) and B =
109s−1 and the optical energy per bit, εopt, is estimated
assuming a triangular pulse. εp,nl represents the
electrical energy cost per bit, while εopt is the estimated
optical energy per bit.
In order to make sense of these numbers one has
to keep in mind that this is a low-cost (outdated)
commercial device intended for low transmission rate
(2.5Gbit/s) in Gigabit Internet, rather than a top-of-the-
line laser specially designed for low power consumption.
Therefore we compare its performance obtained in the
nonlinear response part of the curve to its standard,
above threshold modulation.
Performing the same calculation for above threshold
biasing (Non-Return-to-Zero) we obtain
εp,at ≈ 5.2pJ × bit−1 , (4)
where we have assumed ib = 6.5mA for Vb = 2V
(as above) and B = 2.5 × 109s−1 according to the
Manufacturer’s specifications [22]. Notice that we
have implicitly assumed a square modulation with lower
imin = 3mA (to be compatible with the maximum
threshold current specified by the manufacturer [22])
upper current level imax = 10mA, thus attributing the
mid-value to the bias current ib , to optimally exploit the
optical contrast bewteen high and low light levels.
This comparison shows that in spite of the reduction
in the bit rate - 1Gbit/s compared to 2.5Gbit/s for
above-threshold modulation -, there is a gain of nearly
a factor 2 in the electrical energy per bit in passing from
the standard biasing to the nonlinear transition region,
thus making the scheme already attractive. However,
this estimate may still be too conservative, since eq. 1
does not take into account the cost of the modulation
amplitude and the consequence of the dynamic resistance
which adds to the electrical dissipation. As long as the
modulation amplitudes and bias currents are the same,
there is a proportionality factor which one can assume
to be nearly device independent, thus the information
given by the simpler expression, eq.1, is sufficient, but
the comparison between the two schemes requires a closer
look.
A more complete expression for the energy cost per bit
can be obtained as follows
Ep = εp + i
2
mod
dV
dI
, (5)
where imod is the peak to peak modulation amplitude for
the pumping current and dVdI the differential resistance
specified by the manufacturer. With these values using
imod,nl = 0.6mA and imod,at = 7mA, with the maximum
value of the differential resistance specified for the device
[22] dVdI = 65Ω, we obtain
Ep,nl ≈ εp,nl = 2.3pJ × bit−1 , (6)
Ep,at ≈ 6.5pJ × bit−1 , (7)
i.e., a negligible correction for the modulation in the
transition region but an increase in the energy spent per
pulse in the traditional above threshold scheme, which
results in an electrical dissipation approximately three
times lower in the low biasing, low amplitude scheme. We
can therefore conclude that there is a substantial gain in
passing from the traditional above-threshold scheme to
the generation of bits in the nonlinear region of the laser
response.
One important point to remark upon is the fact that
the transmission rate in this device is particularly low.
Increasing it by an order of magnitude, with suitable
device design, would bring the energy consumption in
the range of 200pJ/bit , which is not unlike the one
of purpose-built devices. For DFB-based edge emitters,
6which require a much larger footprint than a VCSEL,
the current record for power consumption is just under
100pJ/bit [30]. Since current VCSEL cavity designs
are capable of transmitting at 35Gb/s with an energy
cost of 145fJ/bit [31], it is reasonable to expect,
by extrapolation, that applying a modulation in the
nonlinear response region should provide transmission
rates exceeding 10Gb/s with an energy cost of the order
of 50fJ/bit, thus potentially enabling the technology to
approach the needs of datacenters [32].
CONCLUSION
The scheme we have presented is an exploratory
investigation of the potential for exploiting the transition
region between the two emission branches (spontaneous
emission and stimulated light, respectively) to generate
energy-efficient pulses for low power communications.
The device we have used for the investigation is
particularly flexible, thanks to its relatively low
modulation frequency and the work is a proof of principle
for the extension to faster, larger β devices.
Measurements, supported by numerical modeling, have
convincingly shown the existence of an optimal below-
threshold time period (τbt ≈ γ−1 ) which determines the
modulation amplitude once the bias is chosen, depending
on the amount of noise, while the optimal modulation
frequency is determined on the basis of the device’s
spectral response [23].
Finally, we have shown how scaling the technique to
top-of-the-line VCSELs promises to bring new records in
energy-per-bit consumption at competitive transmission
rates, where the pulses generated by this scheme would
be a comb on which information would be encoded by
removing the 0-bits.
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